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????
?? 
 
 
1.1. ????????? 
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??4,600??????????????????????????????????(1)? 
 ?????????????UV??(2)? Chemical mutagenesis (3)??????
??????????????????????????????????????????
?????????????????????????????”????”???????
?????????????1) ?????????”???”??????????????
???????????????????? 2) ????????????????????
??????????????????????? 
1972???Jackson??????????? DNA?????????”??? DNA”
?????????????(4)??????SV40???????????? DNA????
???? DNA???? 1) ?????~????~ in vitro??? DNA??????????
??2) ??????????DNA??????????????? DNA????????
?????? 1973????Cohen??????in vitro??????”????? DNA”??
?????????????????????????????????????????
??????~transform??????????(5)?????????????????? DNA
??EcoRI ????????DNA ??????????? DNA ????????????
????????????????????????????, Figure 1.1?? 
??????????????10-2-10-4/cell??Cohen ????????????
?????????????????????????????????????????
?????????????????????”??????????”???????????
????????????????????????????????????????
10-2-10-4 ?????????????????????????????????????
??????????????????????????????????????/???
??? ?? 
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????????????????????????????????????????Figure 
1.1?? 
??????????????????? DNA ???????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????”????”?????? 
 
 
Figure 1.1. ??????????????????????????????? 
 
“????”????????????????????????????????
??(6,7)?????????????????????????????????????
?????????????(8)?2006 ?????????????????3,985 ????
? 4,288?????? 1/3???????????????(9,10)?????????Winzeler
???????????????????2,026 ????????~6,000 ??? 3 ?? 1?
????????(11)?????????????????????????????/??
???????????????????????????????? Wanner ?????
?????????????????????????(12,13)?????????? 2000 x 
4000 ???????????????????????(14)??????????????
??????????”???”??????”????????”????????????
?”synthetic Lethality”?????????(15)?????????????????????
/???????? 1.2?????????????? 1.3?????? 
 
??? ?? 
 
 3 
1.2.????????????????
1.2.1. ????????????? 
?????????????????????????????????????????
????????????????????????????????????????
10-30%???????????????(16)?????????????????????
?????????????????????????????????????????
?????????????????2000??????????????Table 1.1?(17)?
???Goryshin???Tn5 ??????????????????????????cf. 1.3.4~
??????????????????????????????????????100-262 
kbp??????????????(18)?Yu?????????313 kbp????????
?????????????(19)? 
?????????????????????????????????2006 ?
???Posfai ???????????????????????????????????
?????? 15%????????(20)???????????????????????
?~30%????????????????(21)????????????????????
??????????????????????????????????????????
????S. avermitilis?????????????? 15%?1.5 Mbp???????(22)??
?????????????????????????????????????????
??????????????????????????? 
*1: ?????????????????????????????? 
 
 
Table 1.1. ?????????? 
Organism Deletion size [kbp] Reference 
E. coli    780 (15%)*1 (20) 
E. coli  1300 (30%) (23) 
B. subtilis  874 (20%) (21) 
B. subtilis  134 ( 8%) (24) 
S. avermitilis 1400 (15%) (22) 
C. glutamicum R   67 ( 2%) (25) 
C. glutamicum R  190 ( 6%) (26) 
??? ?? 
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??????????????????????Fukiya ?????? 117 ? 165 
kbp ???????????????????????????????????????
??????????????????????????????Mbp?????????
?????????????? 10 ?????????????Figure 1.2????????
????????????????????????????????????????(27)? 
 
   
Figure 1.2. ??????????????????? 3????????????
(17)??????? box?????????????? 
 
1.2.2. ????? 
?????????????????????????????????????????
???????????3. 5 Mbp ??????????????????????????
????????(28)?????????????? 1) ???????2) ???????
?????????????????????????????????????????
???????? 
 
1.2.3. ?????????????????????? 
??????????????????????????2007?????????????
?????????????????????????????/????????????
??????????? 3-step ???????????? 40 ?????????????
??????????????????????(29)????????????Wang ??
2009??”Multiplex Automatable Genome Engineering (MAGE????1.3.8?)”?????
?????????????????? 24??????????????????????
?(30)????MAGE????? CoS-MAGE???????Carr???20 bp??????
????????%?????????????????????????????(31)??
??? ?? 
 
 5 
????????Wang???indigo pathway???? 12???????????????
??? T7?????????????????????????????????????
??????????? 4??????????????(32)? 
 
1.2.4. ?????????? 
?????????????????????????????”??????”???????
F. J. Isaacs????????????????????????????????????
???????? (33)??????????????TGA???????TAG???????
???TAA??????????????Figure 1.3???????TAG?????????
????4500????????(6)??????314?????????????F. J. Isaacs
???MAGE ??? CAGE ?????????????????????????? 314
??? TAG ????????TAA ?????????????????????????
?????????????????????????????????????????
????????(34)? 
  
 
Figure 1.3. ????????  
????????????????????
 
 
 
 
 
??? ?? 
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1.2.5. ????????? 
2003???Venter?????? (35)???????????????DNA?????phiX174 
bacteriophage?????5386 bp??????????????????2005????D. Endy
??????(36)????T7???????????????????????T7????
????????????????????????????????????Venter??
??????M. genitalium???(583-kb) (37)??? M. mycoides??? (1.09 Mbp)(38)??
????????????????????????????Annaluru?????????
??????????????????????????????????????(39)? 
 
1.3. ??????????????????????
??????????????????????? Venter ?????????????
??”De novo???”????Bottom-up???????????????????????
?????????????????????????????~????????????
?~???????????????Top-down ????????????????????
?????????????????????????????????????????
???????????????????????? 
 
1.3.1. Bottom-up?????????? 
Bottom-up ??????????????????????????? DNA ???????
???????De novo??????????????????????????????
?????????????????????????????????????????
???????????????????/???????????????????DNA?
???¥50/bp??????????????????????? JC Venter???????
???????, ??????~??????????????? M. genitalium? ????0.5 
Mbp?????????????????¥50 x 5 x 105 = 5?????????? DNA??
?????????????????????????????????????????
?? De novo??????????????????????????????Venter??
????????????????????”200-person year (40??????? 5?)”??
???????????????(40)? 
????????????????????????? DNA ?????????
??????????????????????????????????? DNA????
?????????????????????????????????????????
?????????????????????????????????????????
??? ?? 
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???????????????Venter ?????????? M. genitalium ??????
dnaA ??????? 1 ?????????????????????”???”??????
????????????????????????????(37)???????????
???????1 ?????????????????????????????????
?????????????????????????????????????????? 
 
1.3.2. Top-down?????????? 
 Bottom-up ??????Top-down ?????????????????????
?????????????????????????????????????????
????????????”????”?????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
??????? Bottom-up ??????????????????Top-down ??????
??????????????????????????????????????????
1) 1???????????????????????? 2) ??????????????
??????????????? Bottom-up ?????????????????????
???????? 
 
1.3.3. Bottom-up????????????? 
Bottom-up????????????????????? 3?????????1) ????
????????????????2) ?????????????/???????????
???3) ??????????????????? 4) ????????????????
?????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
????? 
 
1.3.4.??????????????????
???????????? DNA?????????~??????? Tn5????????
??????????????????????Kmr?????????????????
??Cmr??????????~???????????????????????????
????????????????????????????(18)???????????
?????????????????????????????????????????
??? ?? 
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????????????????????????Figure. 1.4?????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
???????????????? 
 
 
 
Figure 1.4. ??????????????????
?
 
 
1.3.5. ???????????????????????????????
?????????????????????????????????????????
???????????????/?????????DNA ??????????????
DNA ???????????Figure 1.5????????????????/???????
?????????attP?????????????? attB??????????????
?????????????????????????????????????????
????????????????????(41,42)? 
 ???????/??????????????????????????????
??? kbp~? 100 kbp???????????????????????????????
??????????????????”????????”???????????????
????????? DNA??????????????????????????????
??? ?? 
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?????????????????34 kbp?????????????????????
(43)???????????????????DNA?? Cre-loxP????????????
???54 kb??????????????DNA????????????????(44)? 
 ????????????????????? attB/P ????attL ??? attR ?
????????Figure 1.5?????????????????????????????
????????/??????????? DNA ???????????????????
??????????????????????? 2??????????????????
cf. 1.3.7??????attL/R ??????????????????????/??????
?????????????????????????????????????????
?????????????????????????????????(45)? 
 
 
Figure 1.5. ?????????????????????????; ??(8)???? 
 
 
1.3.6. ??????????????????? 
??????????DNA?????????????Cf: ?????????: DNA??
???????????????????????????????? DNA ???????
????? DNA??????????????????????????????????
?????????????????????????????????????????
??????????????? 
1996???Kim???Zinc Finger???????FokI?????????? DNA
???????”??”?????? (Zinc Finger Nuclease: ZFN)?DNA ?????? Zinc 
??? ?? 
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Finger???????????????????????????????(46)?Zinc Finger
?????? DNA???????????????(47-49) (50)????????????
??????????ZFN?????????????????????????????
??????? 1-15%???????????? (51)? 
“??????????????????????????”?????????ZFN
????????? DNA?????????????????Transcriptional-Activator Like 
Effector Nuclease (TALEN)??????? ZFN??????(52)?Zinc Finger??????
???????????????????????????”????”???Clustered 
Regularly Inter- spaced Short Palindromic Repeat (CRISPR)????(53)?????????
??????????????????????????? RNA????????????
????????????????????????????????? 
 ZFN?TALEN?CRISPR ??????????????????????????
?? DNA??????????????????? DNA???????????????
?????????????????????????????OFF-target????????
????????????????????????CRISPR ?????????????
???????? 5000??????????????????? 
 
1.3.7. Lambda-RED?????????? 
Lambda-RED???? (54,55) ? 3??????????????Gam, Exo, ??? Beta
???????? 3???????????????????????? DNA??????
?????????????????????????(56)?Figure 1.6?????Gam??
?????? RecBCD ? SbcCD ??????????????????????????
??? DNA???????????????Exo (Exonuclease)?????????? DNA
?????????5’?? 3’????????????? DNA?????? ????? DNA
??Beta ???????? DNA ??????Beta ???????? DNA ???????
?????????? DNA?????????????????????????????
DNA??????????????????????????????????????? 
??? ?? 
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Figure 1.6. Lambda-RED???????????????; ?? (56)?????. 
 
 
 
??? ?? 
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1.3.8. Multiplex Automatable Genome Engineering?MAGE?~???????? 
Lambda-RED??????????????DNA?????????DNA????????
100 mer?????? DNA?????????????????????????????
??????????????????????????2001 ???Elis ???????
DNA ?????????????????????????? 6%???????????
???????cf. ??? DNA ??? kb ????????????????? 10-4 ???
?/???(57)????????? (58)?????2003????Constantino???????
?????????????????????????????????????~????
?????:G-T??~????????????????????? DNA????????
????????????????? 10-30%??????????????????(59)? 
 Wang ?????????????????2009 ?? Multiplex Automatable 
Genome Engineering?MAGE????????????(Figure 1.7)(30)?????????
?????????? DNA?????????????????????????????
???10-30%???????????????????????????????????
????????????????????????10??????????????10-14
?????????????????????????????N ???????????
10????????????1???????????? P ??1???????????? 
? P[%] = [1-(1-0.03)N ]10×100? ? ? ?     ? ? ? ?(1) 
N = 90???????10??????????????????? 50%?????????
Wang ???1 ????? 2 ????????????????????????????
????????????????????????????2.5??×90? = 9??? 10
???????????????????? 
 
Figure 1.7. MAGE???? 
??? ?? 
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??????MAGE????????????????????????????
????????? 10 ????????90 ???? MAGE ??????10 ??????
????????0.5%??????????50%???????????????????
900 ????? MAGE ???????10 ??????????????????????
????????? DNA?????????????????????~30%??????
??????????MAGE??????? 
?????????????????????????????????????
????????????????????????????????????MAGE??
? bp ??????????????????????????????????????
?????????????????????????????????????????
????????????????????????????(30)?10 bp????????
???? 5%????????????? 10?????? 10 bp????????????
???? 90?? MAGE Cycle???10??????????????????????0.5%
?????????? 
??????????????????????MAGE Cycle?????????
????????????????MAGE??????????????????????
????20 bp??????????????%????????????????????
?????????(31,32)??????????Wang ????????????????
???? 12?????????????????? T7????????????????
?????????????????????? 10??????????????????
??????????????????????????? 0.1%????? 100?????
???????GM Church?????????????????????5-10??????
????????????(60,61)?MAGE??????????????????????
???????????????????? 
 
1.3.9. 2??????????????? 
Lambda-RED??????????????? 
?????????????????????????????????????????
?????????????????????????????????????????
???????????????????????????????????(57)?????
??????????????????????> 1 kb????????????????
??? ?? 
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?????? 10-4 ????/???(57)??????2 ?????????????????
????/???????????(54,55) (Figure 1.8);  
1) ????????????”???????selection cassette?”????? DNA
?????????????????????????????????????
??????????????????????? 
2) ???????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
???????? 
 
 
Figure 1.8. 2???????????????????
Step-1; ?????????”??????”????? DNA ??????????????
?????????????????????????????????????????
?????Step-2;? ????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????? 
  
??? ?? 
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?????????????????????????????????????????
?????????????????????????????????????????
??????????(62,63)???????????(64-69)??????????????? 
 2-????????????????????????????????????
?????????????????????????????????????????
????????????????????????????”???????????”??
?????????????????????????????????????????
??(69)??????????????????10-6 to 10-5/cell?????????????
?10-5 to 10-4/cell???????????????????????????????????
?????????????????????????????????????????
???????????????? 
 ?????????????????????????????????????
?????????????2???????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????????? 
 
  
??? ?? 
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1.4. ?????? 
 
 
Figure 1.9. ?????? 
 
?????????????????????????????????????????
????????????????????????????1.3????????????
??????Lambda-RED ??????????????????????????????
?????????/???/?????????????????????????????
?????????Figure 1.9???????????????????????????
??MAGE????(30)??????????????????????????????
???????????????? 
Lambda-RED ????????????????????????????1.3.
???????????????????????????????/??????????
?????????????????????????????????????????
???????????????????????????/??????????????
?????????????????????????????????????????
?????????1) ?????????????????, 2) ????????????
??????, 3) ?????????????????? 4) ?????????????
?????????????????????????????????????????
??? ?? 
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?????????????????????????????????????????
?????????????????????????????????????????
?hsvTK???dP?????????????????????????????????
?????????????????????????????????????? 
?????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???”???????????”???????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??hsvTK/dP???????????????????????????????????
???????????????????hsvTK???????????????????
???????????????????????????? 
 ????????-?????????????????????????????
??????????????????????????Figure 1.9???????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????? 4??????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????? 
 
  
??? ?? 
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2.1. ?? 
????????????????????????????/?????????????
????plasmid??????????????????????????????????
?????????????????????????????????????????
???????1) ?????????????????(1,2)???? 2) ????????
?”????”????????????????”????”???????????????
????????????(3)????????????????????????????
????????????????????????(4,5) ?????????????(6,7) 
?????????????”??”??????????????????(8)???????
???????????????????????? [rpsL (9,10), galK (11)?thyA (12)?tetA 
(13) , sacB (14-17), upp (18)??? tolC (19,20)]? 
?????????????????????????????????????
???bactericidal????????????????????????????bacteriostatic?
?????????????????????????????????????????
?????????????????????????????????????????
??????? 100????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????sacB?tolC?
????????????1) ????????mutant allele???????????? 2) ?
????????????????????????????Table 2.1?? 
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Table 2.1. ??????????????????? 
Gene Drug 
Need for 
Mutant Allele 
Need for 
Solid Media 
Bacteriostatic Reference 
rpsL Streptomycin Yes Yes Yes (9,10) 
sacB Sucrose No Yes No (14-16) 
tetA Fusalic Acid No Yes Yes (13)  
tolC Colicin E1 Yes No No (19-21) 
galK 
2-deoxy-galac
tose 
Yes Yes Yes (11) 
thyA dihydrofolate Yes Yes Yes (12) 
upp 
5-Fluoro 
Uracil 
Yes Yes Yes (18) 
hsvTK dP No No No This Study 
???????????????????????????
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?????????????????????hsvTK?????????????
???????????????????(22)??????hsvTK??????????
?Ganciclovir; GCV??????????Acyclovir; ACV?????????????Figure 
2.1??????????????????????????????????
6-(ß-D-2-deoxyribofuranosyl)-3,4-dihydro-8H-pyrimido[4,5-c][1,2]oxazin-7-one (dP) ????
?????????10 µg/mL (~40 µM)????????????????????????
???????? 80%????????????????(23)?dP???????????
???????????????????????????? A??? G????????
?????????????Figure 2.2???????DNA??????????? P??
?????DNA??????? A??? G?????????????????????
???????????hsvTK??dP????????????????????????
?????????????? 107?? 1????????????(24)?Figure 2.3?? dP
?????????????????????????????????????????
????????????????????????????????????????? 
????????dP???????????????????????????
??????????????????????????????????????????
????????????? hsvTK???????? dP????????????????
???hsvTK/dP??????????????????????????????????
?????????dP?????????????????????hsvTK???????
?????????????????????????????????????????
???????????????????????????????? 
 
 
Figure 2.1.??????????????????????
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Figure 2.2. P????????????????????? 
 
 
 
 
 
 
Figure 2.3. dP????????????????dP????????? 
(a) ????, dP ?????????hsvTK ?????????????????????
???????????TMK ??? NDK???????????????????? DNA
????????????? DNA ??????????????? P ????A ??? P
??????????????????????????????????????”lethal 
mutagenesis”???????????? 
  
???????????????????????????
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2.2. ???
2.2.1. dP??????????????? 
?????????????????????????????????????????
????????????????????????????(25)???????????
???????????????????????????hsvTK ???????????
????????????????????????????hsvTK?1129????? 2/3
? ORF??690 bp?????Drosophila melanogaster??????????????hsvTK
????????????????????????????????????dP????
?????????????????????????????? T4??????????
???????????? TDK, T4-TK????????????????????????
??????????? 
 hsvTK????????hsvTKE83K(26)??DmDNK?T4TK???? EcTK????
?????????dP????????????????Figure 2.4??hsvTK?DmDNK?
T4TK???? EcTK????????????dP????????????????dP?
?????????????????? hsvTK????????????????????
10??? dP???????????????????????????????hsvTK?
???? dP????????????????????????DmDNK????????
??????????????”??”????? kcat ?????????????????
?????? kcat? hsvTK? 30????(27,28)???????????????DmDNK
?????dP???????? hsvTK?????????hsvTK???? dP??????
??KM????????????? 
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2.2.2. hsvTK???????? 
dP ??????????????????????????????????????
ON/OFF????????????????”OFF”????????????????????
????? hsvTK?????????????????????????????????
??????????????hsvTK??????????10-100???????????
????????? 1?????????????????????? hsvTK??????
???????????????????????????
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?????????????????????? hsvTK????????dP???????
???????????????????? 
????????? hsvTK ???????????hsvTK ??????????
???????????????????????cat???? DNA??????lacZ locus
???? 171??? 41 bp????????”HC cassette”???????? HC cassette?
MG1655??????????????????????????Cm??????HC??
???????? lacZ ?????????????????Cm ???????Figure 
2.5(A)??????????? (MG1655-tdk∆lacZ::hsvTK-cat)??????? 92 ?????
????????? dP ??????????????89 ????? dP ????????
??????????? dP????? 3??????dP?????? 3?????????
lacZ??????????????dP???????????6????????????? 
lacZ???? hsvTK-cat????????????(Figure 2.5(B))? 
 
 
Figure 2.5. lacZ???? hsvTK-ca? ??????? 
(A) ?????? Cm????????????(B) Cm????????????????
??????lacZ???????????????????? PCR??????bp???
?????????? Appendix 1???? 
???????????????????????????
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2.2.3? ???????hsvTK? dP??????  
?????????? dP???????????????????dP?????????
????????????Figure 2.6??dP???????????????????1,000 
nM?? 10-5?????Figure 2.6(B)?????????????????? hsvTK????
?????????????????????????????????????????
?????????????????????? sacB(14-16)? tetA(13)???? rpsL(9,10)
?????????????? 10-5?? 10-3?????(9)???????hsvTK/dP ???
????????????????????? 
hsvTK ????????????????????dP ????????????
?????dP 1,000 nM????? 10-6?????Figure 2.6(C)??????????hsvTK
???????????????10 ??? dP ????????????????????
??????? dP ???????????????????hsvTK ??????????
?????????????????????????????????????? 
 
2.2.4. hsvTK/dP??????????????????? 
???hsvTK ???????????????????????????????????
???????? HC ??????lacZ ???????????????Figure 2.7(A)??
PCR???? lacZ????????????????????????????? dP? 0
??? 1,000 nM?????? LB????????????????????????Figure 
2.7(A)?? 
LB???????LacZ +?????????? X-gal? LacZ?????????
??????????????????? 10-4 (ca. 105 recombinants/109 total cells)????
???????dP??? LB????????88%? LacZ +?????dP???????
??? 2000??????????????dP/hsvTK?????????????????
???????????????????????? 
lacZ???????????????????????????????????
???hsvTK??????????????????????????hsvTK??????
?????hsvTK ??????????????? dP ????????hsvTK ?????
????????????????????dP????????????????????
??????False-Negative?????????????dP???????????????
? LacZ+??????????LacZ – ???? 7 x 10-5??????????Figure 2.7(B)??
??????dP??hsvTK?????????? HC?????????????????
?????????????????????? 
???????????????????????????
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Figure 2.6. hsvTK/dP????????? dP????? 
(A) ??????? (B) ????MG1655∆lacZ::hsvTK-cat????  (C) ?????
?JW1226/pTrc-hsvTK) ??????? hsvTK???????dP?0-104 nM????????
????????????????????????????????????? 
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Figure 2.7. hsvTK/dP?????????????????????????? 
(A) ????????; lacZ?????????? hsvTK-cat??????lacZ??????
?????????dP 0, ??? 1,000 nM??? LB????????(B) dP???/???
????????????/?????????? 
 
???????????????????????????
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2.2.5. dP???????????? 
dP???????1) ????????????????? 2) ????????????: ?
????? hsvTK ?????????, ????? 5 ???????????(24)????
?????????????????????????????????????????
?? (Figure 2.8)????????????? hsvTK ???????dP ????????
?????????5?? 105?? 1?????Figure 2.8(A)?????hsvTK??????
???????????dP ?????????????????60 ????? 105?? 1
?????Figure 2.8(B)??hsvTK??????????????????????????
??????????????60??????????????????????????
???????????Table 2.1????????????????????? 
????????????? HC??????lacZ??????????????
???????????????Figure 2.9(a)??2.2.1??????PCR???? lacZ??
???????????????????????????LB????dP? 1,000 nM??
???? LB ???????????????????????????????????
???????LB????????????????????????????? X-gal?
LacZ?????????????????????????????????????Figure 
2.9(a)??dP?????????LacZ +?????????? X-gal? LacZ???????
????????????????????? 10-4 (ca. 105 ????/109 ???)?????
???dP ?????????????????????????????????????
dP ?????????????????????????????~90%????(Figure 
2.9(b))?dP????????????????????????????????????
??????????????????? dP?????? 2????????????? 
 
???????????????????????????
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Figure 2.8. hsvTK/dP??????????? 
(A) ?????? , (B) ?????  (?? (24) Figure S1 ???? , ????
JW1226/ptrc-hsvTK)??? (C) ??????????? hsvTK ???????dP?1 µM?
????????????????????????????? 
 
???????????????????????????
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Figure 2.9. hsvTK/dP???????????????????????????? 
(a) ????????; lacZ?????????? hsvTK-cat??????lacZ??????
???(b) dP?????????????????. Open Circle; dP 1,000 nM?Closed Circle; 
dP 0 nM 
 
 
2.2.6. hsvTK/dP??????????????????????? 
dP ??????????????????????????????dP ????????
???????????? hsvTK ??????????????????????????
???????????????????????dP?????????????????
?????????????????????dP???????????????????
?????Figure 2.10?? 
dP???????????????????????????????100 nM?
dP??????2????????????????? dP??? 1,000 nM???????
???????????????????????????
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??????? dP????? 15??????????MAGE?????????????
??????????mutS mutant; ???????? 100 ?????????(29,30)??
?????????4.6 Mbp????????1000 nM? dP??????????????
????????????? 4.6 x 106 [bp] x 2 x 10-7 [mutation/bp] ~ 1???? dP????
????????????????????????????????????dP????
100 nM????????????? 
 
 
Figure 2.10. dP????? MG1655???????????????
Error bar; ? SD (N=3)? 
 
 
????????????8-oxoG???(31)??????????????(32)?????
??3-??????????????????????????????????????
????HSVTK????????????????????????? DNA??????
????????????????????????????????????dP????
???????????????????????????????hsvTK???????
??????????????????????hsvTK????????????????
????????Table 2.2??????hsvTK???? dP???????????????
??????????????????????????????? 
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Table 2.2.  hsvTK??????????????????? 
Strain Generation [-] Frequency of RifR rivertant  [-] 
Mutation rate 
[mutation/bp/generation] 
hsvTK + 8.4 3 x 108 3 x 10-10 
hsvTK - 7.6 6 x 108 8 x 10-10 
 
 
2.2.7. ???????? hsvTK???????? PCR?????????? 
????? HC ????????????MG1655-tdk∆lacZ::hsvTK-cat?????????
????3?? dP”??”??????????2.2.2?, Figure 2.5(B)????? 3?????
????hsvTK????????????????”???????”?????????Table 
2.3???????”????? -> ???????”?”?????->?????, “????->
???”?????????????????????????????? hsvTK?????
?????????????????????PCR ??????????????????
??????dP???? Cm???????????????hsvTK????? HC???
????????????????HC????? PCR????????????????
?????????????????????Table 2.4?? 
?????????? 25-30% (33,34) ??hsvTK (1129 bps)?????????
??????????, ????PCR??????????? 10 (???? DNA? 1000?
??????)???????????Table 2.4, VentR ?????????????? DNA
??????????????3 x 10-6 mutations/base/replication????????????
??????? DNA????????????(2.8 x 10–6 mutations/base/replication (35))
??????????????hsvTK???????????? PCR??????????
?????????????????????????????????????????
????????????????????? sacB??????????????????
????????????(16,36)????????????????hsvTK????????
?????????????????????dP???????????????????
?????????????? 
 
 
???????????????????????????
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Table 2.3. HC??????????? dP???????Figure 2.5B?? hsvTK????
???? 
HC???????????????????MG1655??????????? 92?Cm?
???????? 3???dP?????????????? hsvTK???? PCR ????
P30??? P32??????Appendix 1?????????????????? 
 
 
 
Table 2.4. HC??????????? d? ?????????? PCR????? 
Polymerase Frequency of dP-resistant clones [%] 
Phusion® (New England Biolabs) ? ? ? ? ? 0.2 ± 0.1 
VentR® (New England Biolabs) ? ? ? ? ? 0.8 ± 0.3 
HC????? VentR® ??? Phusion® DNA ??????(New England Biolabs)?????  
P1? P2?????(Appendix 1) ???? lacZ???????????????????
? PCR ????????? DNA ????pKD46 ??????? MG1655 ???????
????????LB-Cm ? LB-Cm/dP ?????????dP ?????????????
????????? 
100 x [Cm/dP????????????] / [Cm????????????????] 
????3????????????????????????? 
  
Clone number Nucleoside substitution Amino Acid substitution 
1 G599A R200D 
2 C123T, G647A R216H 
3 C391T P131S 
???????????????????????????
 42 
2.2.8. hsvTK????????????????????? 
????????????????????????????????????????(37)?
dP??????????????????????105???????????dP????
?????(Figure 2.5)??????????? 25-30% ??hsvTK (1129 bps) ?????
?????????????(33,34)?????, ??????? 20 (??????? 105?
???????) ???????????????????????????2 x 10-9 
mutations/base/replication ?????????????????????????????
?????((10-10 -10-9 (37) mutations/base/replication (35))???????????????
???? hsvTK ????????? (Table 2.5)? ???????????????? dP
???????????????????????????????????????hsvtk
???? PCR ??????????? MG1655 ???????????????????
???????? dP???????????Table 2.5?????? hsvtk????????
??? dP???????Figure 2.11??Lamda-RED?????????????????
????????10-5-10-4 (38) (????/???)???????????????????
???? dP???????10-5 ???/?????????????????????? 
  
 
Table 2.5. ???????????????????????????? hsvTK???? 
clone # Nucleotide mutation Amino Acid mutation 
1 T865C F289V 
2 A472C T158P 
3 A472C T158P 
4 865TTCACCCTG-->865TTCACCCTG - TTCACCCTG 289FTL --> 289FTL-FTL 
5 A196C T66P 
6 A164C D55A 
7 865TTCACCCTG-->865TTCACCCTG - TTCACCCTG 289FTL --> 289FTL-FTL 
8 A683C D228V 
9 A196C T66P 
dP ???????????”???????????”????9 ????????????
????? hsvTK????P30/P33?????(Appendix 1)???? PCR???????
??????? 
???????????????????????????
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Figure 2.11. ????????????????????? hsvTK ??????????
??? MG1655?? dP????
dP????????????????? hsvTK????Table 2.5?? PCR????MG1655
?? lacZ????????????????? LB-Km??????????? 0 (open bar) 
or 1 µM (closed bar) ? dP??? LB?????????????????????Table 2.5?
???????? 
???????????????????????????
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2.3. ?? 
2.3.1. hsvTK/dP?????????????????????????????? 
?????hsvTK ? dP ??????????????????????????????
????????????????(Figures 2.7??? 2.9) ????1) ????????
?????2) ???????????~2????????? 3) ????????????
??????????????????????????????????  
hsvTK ??????????????????????????????????????
???????????????????????? 10?????????~5?????~ 
60??Figure 2.8???????????????????????????????;  
1) ???????????? 15???????????????? 1?????
??????????????? hsvTK ??????????????????
15?? 1?????? 
2) hsvTK??????????????????? Kcat????????????
dP???????????Vmax = kcat x [??? hsvTK??~hsvTK???]???
hsvTK???????????hsvTK????????????????????
??? 15?? 1???? 
????hsvTK ????????????????hsvTK ?????? 10 ???????
????????? dP???????kcat??????????????????????
??????????????????????? 
 
2.3.2. ?????????????? ?????????????????????????????? 
hsvTK/dP ????????????????????????? 88%????????
?Figure 2.7?????????hsvTK????????????????????????
?????”???????????”???? 12%???????????hsvTK ????
??????????dP???????????”???????????”??~10-5???
?????????????Figure 2.6(B)???????????? 10-5-10-4 (38)????
??dP ????????????????10-50%??????????????????
?????????????????????????????????????????
??????? 
 hsvTK/dP ????????????????????????????????
?????????????????????????????????????????
???????????????Table 2.1??????????????????????
??????????????(39)?????????????????????????
???????????????????????????
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???????????????????????????????”on-site”???????
?????????????????????????????????????????
??????”off-site”????????????????(20)??????????????
??????????????????????????(39)?????????????
?????????????????????????????????Gregg???off-site
?tolQRA?????????????????????????????????????
??????????? (20)?hsvTK ?????dP ?????????????????
on-site mutation ????off-site mutation ??? dP ????????????Table 2.5, 
Figure 2.11????????? on-site????????????????????????
?????? 
 
2.3.3. dP????????????????????? 
?????? hsvTK ? dP ?????????????????????????????
?????????????????????????????????????????
??????????????????????????dP??????????????
?? 15???????????Figure 2.10??? Table 2.2??1???????????
????????4.6 Mbp???????????????????6 x 10-8 [mutation/bp] x 
4.6 x 106 [bp] x = 0.2 mutation/cell???????????? 100??????20????
?????????????????????????????????????????
???????????????????? 
dP ??? 100 nM ?????hsvTK ????????????????????
?????Figure 2.10??????????????????????Figure 2.6(B)???
????hsvTK? dP?????????????? hsvTK????????????? dP
????????????? dP?????? KM???????????????????
?????????????????????(40)??????????????????
?????? dP ?????????????????????????????????
?????????????? 
  
???????????????????????????
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2.4. ??? 
2.4.1. ?? 
6-(ß-D-2-deoxyribofuranosyl)-3,4-dihydro-8H-pyrimido[4,5-c][1,2]oxazin-7-one (dP) (41)??
Berry and Associates (Bishop Circle East, Dexter, MI; cat. PY7270)???????????
?????? FASMAC Co., Ltd (Kanagawa, Japan)??????????????????
?????????????????????????????????:50 µg/mL ???
???? (Carb), 30 µg/mL ?????????? (Cm), and 50 µg/mL ?????? (Km)? 
 
2.4.2. ?????????????????????????? 
?????????????????????????Datsenko???Wanner?????
???????(42)?????????????????pKD46?????????50 µg/mL
? Carb.??? 10 mM?????????? LB???????Lambda-RED??????
?????OD (λ= 600 nm)? 0.4-1.0??????????????????????? 10% 
v/v??????? 2?????????? 20% v/v??????????????????
?????????????????????????????????????????
??????(40 µL)??100 ng? PCR???????????????? 0.1-cm-gap??
??????????????????????1.8 kV in a Gene Pulser electroporation 
apparatus (Bio-Rad, Hercules CA)?? 
 
2.4.3. ????????? 
?????????????????Table 2.6???????? K-12 MG1655?????
??????????????????????????? XL10-Gold-Kanr (Stratagene, La 
Jolla, CA, USA) ??????pKD46?????(42)??L-??????????
Lambda-RED????????????????????? MG1655??????????
???? 
MG1655-tdk (MG1655∆tdk::tetRA) ??tdk???? PCR???? tetRA????
???????????????MG1655∆lacZ::hsvTK-cat ???????????: lacZ?
??????????????????? hsvTK-cat????(HC ????)? PCR???
?????????????????????? Appendix 1????? ?? HC ????
? MG1655??????????????????????Cm????????????
??? MG1655∆lacZ::hsvTK-cat ?? dP????dP?????????dP?1 µM???
? LB????????????????????????? 
 
???????????????????????????
 47 
 
2.4.4. dP?????????? 
?????????? hsvTK??dP??????????????(Figure 2.6)?????
?????? HC????? PCR??????1 kbp?????????????????
3 kbp? lacZ????????????????; 500 ng??? DNA????40 µL???
??????????????????????MG1655∆lacZ::hsvTK-cat????????
????????????????????????? 1 mL? LB???????????
??37°C?3 h?????????????dP(1 µM)??? LB?????????1-8??
???????37°C, 200 r. p. m.????, ??????? LB?????0.4% wt/v X-Gal
??? 0.1 mM IPTG?????????37°C?????????????????/???
???????/?????????????? 
 
2.4.5. ??????????  
????? pKD46????? MG1655????? 106????100 µg/mL???????
??? LB???2 mL??????dP (0, 1, 10, 100 and 1000 nM, ???)????????
???6?????????????????????????/?????(rif assay (43)?
LB?????dP?????????37?? 12????????????????????
?????(44)?rpoB????????????????????????????10??
???????????????????????????????1??????????
??? 
???????????? [c. f. u.] / ???? [c. f. u.] ×10  (1) 
Table 2.6. ???????????? 
Plasmid name Genotype Ori/marker Source 
pMW-hsvTK-cat Plac-hsvTK-cat pSC101/Kmr This study 
pAC-pJ23116-hsvtkmod pJ23116-hsvtkmod p15A/Cmr This study 
pHK pT5-hsvTKmod-pL-Kmr  ColE1/Ampr This study 
pKD46 pBAD/AraC-Lambda REDγβα pSC101/Ampr (42) 
ptrc-hsvtk ptrc-hsvtk pBR322/Ampr This study 
ptrc-Dmdnk ptrc-Dmdnk pBR322/Ampr This study 
ptrc-Ectk ptrc-Ectk pBR322/Ampr This study 
ptrc-T4tk ptrc-T4tk pBR322/Ampr This study 
ptrc-hsvtkE83K ptrc-hsvtkE83K pBR322/Ampr This study 
???????????????????????????
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?????Herpes Simplex Virus thymidine Kinase (hsvTK)? dP????????????
?????????????????????????????????????????
hsvTK ??????????????????????????????????????
???????????????????????????hsvTK ???????????
??????????????????????????????????hsvTK ????
??????????????????????? 106????????????? 
  
??? ????????????????????????? 
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3.1. ?? 
?????????????????????????????????????????
???????????????????????????????????e. g. ????
? 10-9-10-10 ??/bp (1)???????????????????????? 1.0-25 x 10-10 
deletion/cell/generation/2-kbp(31)??????????????????????????
????????????????????????????”???????????”??
??????????????????104???? 109????????~??? 20???
????????? 300?????900 bp????????????????????? 
 
 20 (??) x 900 (bp) x 10-9 (???????/bp) = 2 x 10-6 
 
?????????????????????????25-30%?????????????
??(2,3)????????? 10-6-10-5????????????????????? 
??????? Herpes Simplex Virus thymidine kinase (hsvTK)????????
??? dP????????????????????~10-5??????????????
??????cf. 2.2.7????????????????????????????????
?????????????????????????????????????????
????????????????????Table 3.1?????????????????
?????10-6-10-4(4)???????????????????????????????
??????Figure 3.1???????????????????????????????
?????????????????????????????????????????
(5)????????????????????????????????????????
???????????? 
 
 
Figure 3.1 ?????????????????????? 
  
??? ????????????????????????? 
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Table 3.1. ????????????????????????????? 
Negative Selection 
marker(s) 
Drug(s) Selection escape frequency [-] References 
sacB Sucrose 2.3 x 10-5 (11) 
tetA Fusalic Acid 9.4 x 10-4 (11) 
rpsL Streptomycin 5.7 x 10-5 (11) 
tolC Colicin E1 N. T. (7,8) 
galK 
2-deoxy-galactose-
1-phosphate 
N. T.  (12) 
thyA dihydrofolate N. T. (13) 
upp 5-Fluoro Uracil N. T.  (14) 
rpsL-tetA 
Streptomycin/ 
Kanamycin 
1.1 x 10-6 (11) 
sacB-rpsL 
Streptomycin/ 
Sucrose 
N. T. (15) (10) 
tetA-sacB 
Fusalic acid 
/Sucrose 
<6 x 10-7 (16) 
N. T.; Not Tested. 
 
  
??? ????????????????????????? 
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????????????????????????????(6)????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????????????????”??????????”???????
?????????????????????????????????????????
???????????????????Figure 3.2????? tolC????(7,8)?????
?????? SDS???????????????????????? Colicin E1????
???????????/???????????????????????????????
?????????????????????TolC??????????????????
??TolC????????????????????????TolC??????????
???????????TolQRA?????????? 
 ?????????????????? 2??????????????????
???????????????????Figure 3.3?????????????Programmed 
Cell Death???PCD?????????????????????L. B. Jensen???gef
??????????Pseudomonas ?????? 2 ?????????????????
? 10-6????????????????????10-8???????????????(9)?
?????????????????????????????????????????
?????????Table 3.1?? 
?????hsvTK/dP???????????????????????????
?????????9/9???hsvtk??????????? on-site???????????
?????????????off-site??????? dP????????????????
??????????????? 3?????????hsvTK?????????????
?? dP???”???????????????????????????hsvTK????
??????????????????????????hsvTK????????????
???????????????????????? 3????hsvTK? 2???????
????????????????????hsvTK??????????????????
???????????????????????? 
??? ????????????????????????? 
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Figure 3.2. ??? ?????????????????? ???? ????????? 
 
  
 
 
Figure 3.3. ????????????????????????????????
???????????????????????????????????????????????
???? ???????????? ??????????????????????????
??????
?
 
 
 
??? ????????????????????????? 
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3.2. ?? 
3.2.1. hsvTK????????????????????????? ??????? 
DNA?????????????????????????(dTTP)??????????de 
novo????????????????????de novo???????????????
(dTMP)????? dTTP???????????? 5-????-2’-?????????5FdU?
?????????????????(17)?5FdU ???????????5-????-2?-?
??????????? (5FdUMP) ????5FdUMP ? dTMP ????(ThyA)?????
??????????????? dTMP????????????????????????
????????????(dT)???? dTTP ????????????????????
TK?????????????????tdk?????? hsvTK????????????
???????????????tdk???????? hsvTK ????????? 
?????????????????????????????????????
????????????dT???????Figure 3.4?(18,19)????????????
??????dT??????????????????dT? dP????????????
????dP ???????????dT ???????????????????????
dT???????????”???????”?????dP???????????????
??????????Figure 3.5?? 
 
 
Figure 3.4. hsvTK?????????????????????????
tdk-???hsvTK??????????????????????????????5FdU?
??????????(19)????hsvTK??????????5FdU??????????
??????????? 
 
??? ????????????????????????? 
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Figure 3.5. dT???????????????????? ????? ?????????
 
 
3.2.2. dT??????????????????????? 
???? MG1655?????? lacZ?????hsvTK-cat???????????????
??MG1655∆lacZ::hsvTK-cat???????????????????????tdk???
???????????????????????? MG1655-tdk, ???????
MG1655-tdk∆lacZ::hsvTK-cat????????????????5FdU?40 µg/mL?? dT?0-80 
µg/mL??????????hsvTK???????????????????? dT????
????Figure 3.6?????? dT??????????????????????????
dT??????hsvTK????????????????????????hsvTK????
?????????????????????????hsvTK ?????????????
????????????? 
??? ????????????????????????? 
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Figure 3.6. dT????? hsvTK??????????? 
12 ???????????????OD600???????Open Circle????
MG1655-tdkΔlacZ::hsvTK-cat (hsvTK+), Closed Circle: ??? MG1655-tdk (hsvTK-) 
 
 
5FdU ???????????????hsvTK ? dT ?????????????
??????????????????5FdU?40 µg/mL??dT?40 µg/mL????????
???????????????????????????????2 x 10-5????5FdU/dT
???????????????????8 x 10-5??????4????????Figure 3.7??
?????????????????? dP ?????????????? 1/4 ??dT ??
??????????????Figure 3.5??????????????????????
????? 3/4??????? dP???????????????? 
?? 3/4?????1) dP???????????????????????? 2) 
hsvTK ? dP ???????????????????????????????????
???? dT ?????????????????????????dT ?????????
???? 1/1000 ???????????????? dTMP ??????????????
?(20)?????????????3/4??????????????Figure 3.5?????
?????????????????????????????dP????????????
???????? dT ??????????????????????/?????????
?? 
??? ????????????????????????? 
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Figure 3.7. dT????????????????????????? 
 (A) dT?????????????; 5FdU(40 µg/mL)??? dT (20 µg/mL) ???????
????LB??????? LB-dP(1,000 nM)??????????????????(B) dT
?????????/????????????????????????????????
???????????;  
[LB-dP???????????????]/[LB???????????????]?
 
  
??? ????????????????????????? 
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3.2.3 ????? ?????????????????? ????? ???????????? 
???????????????????25-30%????????????????(2,3)?
??????????????”???????” ???????????????????
???????????????????????????????????????hsvTK
????3%????????????1) ??????????????????????
??????????????????????? 2) ?????????????????
?????????????????????????????????????????
?????????????????????(21)  
 ?????????????????????????????????????
?????????(22)?Maxwel???????????????????????????
????????????????(23) ???????????????????????
???????????????????cat?????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????hsvTK????????????hsvTK?????????????????
???????????????? 
hsvTK????????????????????????????????Kmr??
?????????????ble???????????????????????????
?????cat???????????????????????????????????
?????????????????????????????????????????
??????Kmr (24)??? ble (25)???? hsvTK????????????????/?
??????????????????????????????????????? hsvTK
???????????????????? N????????????????????
????Figure 3.8?? 
 
 
??? ????????????????????????? 
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Figure 3.8. hsvTK??????????????????????? 
 (A) hsvTK::kmr?(B) hsvTK::ble????(C) hsvTK::cat??hsvTK???????????
?????????????????????????????? 
 
 
3.2.4 ????????????????? 
?????????????????????????????????????????
?????????????????????????????????????????
? dP?????????Figure 3.9?????????????????dP???????
????????????????????????????????? GFPUV?????
????????????????????????????????????1,000 nM?
????????hsvTK::Kmr, hsvTK::ble, ??? hsvTK::CAT? ?????dP??/???
????????????? 3 x 106, >5 x 107???? 1 x 105????3???????
hsvTK::ble????????? 
 
??? ????????????????????????? 
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Figure 3.9.  ???????????????????????? 
????? (0-1,000 nM)? dP ????? 3??????????? *: ????????
???????Error bar; ? SD (N=3)? 
 
 
3.2.5. ????????????????? 
?????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????? 50 µg/mL
? 3????????????????hsvTK::Kmr????? GFPUV??????????
??????????????????? 10-6????????????hsvTK::Kmr???
???????????????????????????????????????
hsvTK::APH????????????????????????????????????
????????????????????????????(26)???????????
? 3????????????????? 
???? 3 ????????????hsvTK::Kmr?? hsvTK::Ble ? hsvTK::CAT
???????;1) hsvTK::Ble ???????????????????????????
??????????????????????????/???????????????
????????(Figure 3.10(A)??? (B))?????????????????????
??????????????????????????? DNA????????????
???????????????????????????2) hsvTK::CAT ???????
?????????????? 100?????Figure 3.10(C)??????????????
?????????????????(27)?3.2.4???????????????????
????????????hsvTK::Kmr???????????? 
??? ????????????????????????? 
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Figure 3.10. ???????????????????????? 
??????(A)???????(B)????????(C)??????????????? 3
????????????*: ??????????????Error bar; ? SD (N=3)? 
  
3.2.6. APH?????????????????????? 
hsvTK::aph????????????????????????/????????????
??????????????????????????????????????
hsvTK::kmr ??????/?????????????????????H::K casette???
???????????????????? lacZ?????hsvTK::kmr?????????
?????????????????????? MG1655∆lacZ::pT5-hsvTK::Kmr???? 
?????????MG1655∆lacZ::pT5-hsvTK::Kmr??????????????
???????????????Figure 3.11??hsvTK? Kmr?????????????
???? 4 x 10-6 ?????????????????????????????????
???H::K cassette???????????????4 x 10-2??????????????
???????????hsvTK ? Kmr??????????? dP ???????????
?????????????????????????????????????????
??????????100 µg/mL?????????????6 x 10-3??????????
?????3.2.3 ??????????? hsvTK ???????????????????
???????????  
hsvTK::Kmr????????????????????????????????
??Appendix 2????????H::Kmutant Cassette, Figure 3.11????????????
???????????????????????????????????? 2 x 10-6??
?????????????????????????????????????????
?????????????????????????????? HK cassette? 1/10??
??? ????????????????????????? 
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??? 4 x 10-7?????????????hsvTK??????????????????
???hsvTK ?????????????????? hsvTK::APH ???????????
?????????????????????????????????????????
?????????? 
 
 
 
Fig. 3.11. ???????????????? hsvTK::Kmr??????????????
???????????????; ??????????????????????????
LB???????????0??? 1,000 nM? dP??? 0-100 µg/mL????????Km?
??? LB????? spot????37?? 12????????????????????
???????????????????? 
 
  
??? ????????????????????????? 
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3.2.7. ??????????????????????????? 
hsvTK?2????????????????HHK?????????????hsvTK???
???????dP??????????????????hsvTK?dP??????????
??????????????????????????????????????Figure 
3.12(A)??hsvTK?1???????HK????????????????????????
10-6??????2??hsvTK????????????????????????????
??2??????10-6 x 10-6 = 10-12??????? 
 ??????25 bp???????????????????????(28-30)? ?
???hsvTK?????????hsvTK???????????????hsvTK??????
?????????????????????????????????????hsvTK?
???hsvTKmod??????????????????????72%??????????
??????11 bp????Figure 3.13?? 
 ???????? HHK?????????????????????dP????
?????????hsvTK ?????????????????????????????
???? 1 x 10-9????HK????????1 x 10-6????? 1000?????????
???Figure 3.12(B)????????????????? hsvTK???????????
???10-12?????????????????????dP???????????????
HHK?????????????????Figure 3.14???????dP????????
????4/4????????? hsvTK ???????????????????????
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 1.0 x 10-10 to 2.5 x 
10-9/cell/generation/2-kbp(31)??????????? Salmonella ????????????
?????????????????2?? hsvTK??????????????????
???????????????? 
 
 
??? ????????????????????????? 
 
 68 
 
Figure 3.12. hsvTK???????????????????????????
(A) hsvTK?????????????????????????????dPs; dP???, 
dPr; dP???(B) HK???HHK????????????????????????? 
  
??? ????????????????????????? 
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Figure 3.13. ??? hsvTK???????????????????????
; ???????????????????? 
??? ????????????????????????? 
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Figure 3.14.? MG1655∆lacZ::HHK?????????????????????????
??????????????????????????????????????????
????????????? ????? ?????????????
 
 
 
 
3.2.8. hsvTK???????????????????????? 
hsvTK??????????????????????????????????Kmr???
hsvTK? hsvTKmod????????????????HKH???????????Figure 
3.15(A)????? hsvTK???????????????????Kmr?????????
?????????????????????????????????????????
HKH?????????????????????????????????HK????
? 106??????<2 x 10-12?????????Figure 3.15(B)????????????
? dP?????????? hsvTK????????????????????????? 
 
??? ????????????????????????? 
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Figure 3.15. hsvTK??????????????????????????????
(A) hsvTK-Kmr-hsvTK???????????????????????????????
???? hsvTK??????????????????????dPr; dP???dPs; dP??
??Kmr; ?????????Kms; ??????????indel; ?? (insertion)?????
(deletion), (B) HK??? HKH??????????????????????????Error 
bar; ? SD (N=3)? 
  
??? ????????????????????????? 
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3.3. ?? 
hsvTK/dP??? off-site????? dP?????????????? 
?????hsvTK??????????????? dP???”?????????????
???????????? hsvTK???????????????????????? hsvTK
???????????????????????????? 2 x 10-12?????????
??????????????hsvTK????????????????????? hsvTK
?????????????????3 x 10-6?2 = 9 x 10-12????????HK?????
????????????????????????? hsvTK ??? PCR ???????
?????????????????????? dP ???????????????2.2.7
?????????hsvTK ????on-target?????????????off-site ?????
??dP??????????????????2 x 10-12??? ??????? 
 ?????????????????????????????????????
?????????????????Jensen???????? gef???????????
????10-6??????????????????? 100 ???????????? (9)?
????????????????10-6?2 = 10-12???????????????????
???gef ?????????????????????off-target ???????? gef ?
?????????????????????????????????Gregg ?????
?????????tolC?????????????????tolC(on-target)???????
??tolC??????????tolQRA????????????????????????
?????????????????????????????????????off-site?
????????????????????????????????????(16)? 
 hsvTK/dP ??????????????hsvTK ???????????????
? 6???????????????dP?????????hsvTK???????????
?????????????????????????????????????????
????????hsvTK ???? 3 ????????hsvTK ?????? dP ??????
?????????????????10-6?3 = 10-18?? 
 
 
  
??? ????????????????????????? 
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3.4. ??? 
3.4.1. ?? 
6-(ß-D-2-deoxyribofuranosyl)-3,4-dihydro-8H-pyrimido[4,5-c][1,2]oxazin-7-one (dP) (32)??
Berry and Associates ?(Bishop Circle East, Dexter, MI; cat. PY7270)??????????
??????? FASMAC Co., Ltd (Kanagawa, Japan)?????????????????
??????????????????????????????????:50 µg/mL ??
????? (Carb), 30 µg/mL ?????????? (Cm), ??? 50 µg/mL ?????? 
(Km)? 
3.4.2. ????????? 
?????????????????Table 3.2???????? K-12 MG1655?????
??????????????????????????? XL10-Gold-Kanr (Stratagene, La 
Jolla, CA, USA) ??????pKD46?????(33)??L-??????????
Lambda-RED????????????????????? MG1655??????????
???? 
?????????????Table 3.3.????MG1655-tdk (MG1655∆tdk::tetRA) 
??tdk???? PCR???? tetRA???????????????????
MG1655∆lacZ::hsvTK-cat ???????????: lacZ????????????????
???? hsvTK-cat????(HC ????)? PCR??????????????????
??????? Appendix 1??????? HC ????? MG1655??????????
????????????Cm??????????????? MG1655∆lacZ::hsvTK-cat ?
? dP????dP?????????dP?1 µM???? LB??????????????
??????????? 
 
Table 3.2. ???????????? 
Plasmid name Genotype Ori/marker 
pJ204-pT5- hsvTK::Kmr pT5- hsvTK::Kmr ColE1/bla 
pJ204-pT5- hsvTK::cat pT5- hsvTK::cat ColE1/bla 
pJ204-pT5- hsvTK::ble pT5- hsvTK::ble ColE1/bla 
pJ204-pT5- gfpUV pT5- gfpUV ColE1/bla 
 
  
??? ????????????????????????? 
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Table 3.3. ??????????? 
Strain Genotype 
MG1655 - (wildtype) 
MG1655-tdk ∆tdk::tetRA 
MG1655-tdk, ∆lacZ::hsvTK-cat ∆tdk::tetRA, ∆lacZ::hsvTK-cat 
MG1655∆lacZ::hsvTK-cat ∆lacZ::hsvTK-cat 
MG1655∆lacZ::hsvTKmod-Kmr ∆lacZ::hsvTKmod-Kmr 
MG1655∆lacZ::hsvTKmod=Kmr ∆lacZ::hsvTKmod=Kmr 
MG1655∆lacZ::hsvTKmodmut=Kmr ∆lacZ::hsvTKmodmut=Kmr 
MG1655∆lacZ::hsvTKmod-hsvTK-Kmr ∆lacZ::hsvTKmod-hsvTK-Kmr 
MG1655∆lacZ::hsvTKmod-Kmr-hsvTK ∆lacZ::hsvTKmod -Kmr-hsvTK 
 
3.4.3. ?????????????????????????? 
?????????????????????????Datsenko???Wanner?????
???????(33)??????????????pKD46?????????50 µg/mL?
Carb.??? 10 mM?????????? LB???????Lambda-RED???????
????OD (λ= 600 nm)? 0.4-1.0??????????????????????? 10% v/v
??????? 2?????????? 20% v/v???????????????????
?????????????????????????????????????????
?????(40 µL)??100 ng? PCR???????????????? 0.1-cm-gap???
?????????????????????1.8 kV in a Gene Pulser electroporation 
apparatus (Bio-Rad, Hercules CA)?? 
 
3.4.4. ?? ?????? 
???? MG1655?tdk::tetRA/pKD46???? MG1655?lacZ::hsvTK-cat?
tdk::tetRA/pKD46?????? LB-Amp?? 2 mL?????15???30ºC???
???????????? 1 mL? SOB???Amp. 100 µg/mL?Arab. 10 mM?5FdU 
40 µg/mL+/-?dT 0-80 µg/mL?IPTG 0.1 mM?? 48???????(30ºC?1000 rpm)
???????OD600??????? 
 
 
 
??? ????????????????????????? 
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3.4.5. ?? ??????????????????? 
Table 3.3???????????LB???1 mL???????37??200 r. p. m.????
????LB?????dP 0??? 1000 nM?????????????????????
????(1)??????????? 
 
?????????????? [-] = ??? (dP 1,000 nM) [-] / ??? (dP 0 nM) [-] ? 1? 
  
??? ????????????????????????? 
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????
?????????????????? 
 
???
?????????????????????????????????????????
????????????????????????????????2????????
?????????/????????????????????????????????
????????????????????????”???????????”??????
?????????????????????????????????????????
????????????????????hsvTK? dP???????????????
?????????????????????????????????????????
???????hsvTK???????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????????????????????????????????4?
?????????????????????????????????????????
???????????10????????????? 
  
???????????????????????
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4.1. ?? 
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????Lambda-RED?
???(1)?????????????????????????????????????
???> 1 kb?????????????????????? 10-4 ????/???(2)???
???2 ?????????????????????/???????????(1,3)???
?????????????????????????????????????????
?????????????????(4,5)???????????(6-11)????????
??????? 
 ?????????????????????????????????????
?????????????????????????????????????????
???????????????????????”???????????”???????
??????????????????????????????????????(8)??
????????????????10-6 to 10-5/cell???????????10-5 to 10-4/cell?
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????2 ????????????
????????????????????????????? 
2????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??? hsvTK/dP ?????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????hsvTK?
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????Figure 4.1????????? 
???????????????????????
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Figure 4.1. ??????????????? 
1) ???dP ???????????????????????????????????
??????dP ???????????????2) ?????????????????
??????????????????????????PCR?????????????
???????????????3) ????hsvTK??????????????????
?????????? 
  
???????????????????????
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4.2. ?? 
4.2.1.?????????? ???????????
???????????????????????DNA????????????0.2-1%?
????????????? hsvTK??? (cf. ?? 2.2.7 ? )?????????????
????????????????????????????? dP ??????????
dP??????”???????????”??10-3-10-2????????Lambda-RED??
?????????????????? 10-5-10-4?????/??????????????
??dP??????????????????????????????????????
? 10-3-10-1????????????????????????????????????
????????????????????????(12-14)??????????????
???????????”??????”?????????????????(15-17)???
???(12)???????? 
 ?????????????????????????????????????
PCR???????????????????????????????????????
?? 10???????PCR??????? 0.2%?cf. ?? 2.2.7 ???? Table 2.4??
????????????????PCR???????????? hsvTK????????
??????? 10%????????hsvTK ?????????????????Kmr??
?????????????(HK cassette) (Figure 4.2(b))???????????????
?????? lacZ ???? pL-gfpmut3.1(18)?????????????Figure 4.2.(a), 
Round-1???????HK?????????????????????????????
? 10 ????????????????????????????????? aliquot??
???????????????????????????? 90% (85/94)??GFPmut3.1
?????????????? 10%?9/94????????????(Table 4.1)?????
???????????????????????? 
1 ???????????????????????? 9 ??????? 
∆lacZ::hsvTK-Kmr ????????????(Table 4.2). 9???? 8?????????
??hsvTK????????? HK???????”???????????”???????
?? 4???hsvTK????????????????????????????????
?? 3?? hsvTK??????????????????? 1???HK????????
?????9?????????????????gfpmut3.1???????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????? PCR?????????(ca. 10-2/step, cf. ?? 2.2.7? ) ??????
???????????????????????
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?????? (10-5/step) ???????????????? gfpmut3.1 ??????????
PCR??????????????? 
 
4.2.2. ???????????????????????????????
?????????? hsvTK????PCR??????????????????????
???????????????dP?????????????????????????
????????????????????????????????(∆lacZ::pL-gfpmut3.1 and 
∆proV::pT5-mrfp)??????????(Figure 4.2(a))? 
4.2.2.??????????????????????????????????
??????????∆proV::pT5-mrfp?????????????????????????
??????????? proV????????????????????????????
??????????? 2??????pT5-mrfp???????????????????
dP????????????????????????????????????Table 4.1?? 
  
4.2.3. ?????????????????????????????????????
????????????????????????????????(19)?4???hsvTK
????????????????????????????<2 x 10-12?????????
?????????HKH?????Figure 4.2(c)??????2????????????
???????1???????????????Km??????? dP????????
????????94/94????????GFP ????????????????????
???Table 4.1??????????????????????????????????
??????????????????????????????<1%?????????? 
???????????? 2 ???????????????????????
?∆proV::pT5-mrfp?????????????94/94??????????????????
??pL-gfpmut3.1 ? pT5-mrfp ????????????????????Table 4.1?????
????????????????????hsvTK??????????????????
?????????????????????????????????????2 ???
??????????????? 
 
  
???????????????????????
 84 
 
Figure 4.2. 2????????????????????
(A) ???????lacZ??? proV????(B) 1???? hsvTK????????? (HK
????) ????(C), (D) 2 ???? hsvTK ?????????(HKH ???????
HHK)????? pL-gfpmut3.1??? pT5-mrfp????????????????? 
 
  
???????????????????????
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Table 4.1. ?????????????????; Figure 4.2(a)?????????????
?, 94????????????????????????????????????? PCR?
?????? 
1. ∆lacZ::pL-gfpmut3.1 (round 1)???? ∆lacZ::pL-gfpmut3.1 ?∆proV::pT5-mrfp (round 2)???
?? PCR ????????????????????????????(P34 and P43
?pL-gfpmut3.1?, P35 and P40?pT5-mrfp????? Appendix????? 
2. NT; not tested.  
 Round-1  Round-2 
Phenotype 
(Fluorescence) 
GFPmut3.1 
+ 
GFPmut3.1 
- 
 GFPmut3.1 + 
/mRFP + 
GFPmut3.1 - 
/mRFP + 
GFPmut3.1 + 
/mRFP - 
GFPmut3.1 - 
/mRFP - 
Genotype1 
(PCR) 
NT2 + - 
 
NT2 + + NT2 
HK cassette 
85 
(90%) 
1 
(1%) 
8 
(9%) 
 0 
(0%) 
0 
(0%) 
0 
(0%) 
94 
(100%) 
HKH cassette 
94 
(100%) 
0 
(0%) 
0 
(0%) 
 90 
(96%) 
2 
(2%) 
2 
(2%) 
0 
(  0%) 
???????????????????????
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Table 4.2. ???????????????????????????????? 
clone number HK cassette Genotype 
1 No mutation in gfpmut3.1(E205 stop) 
2 Yes mutation in hsvTK (D228V) 
3 Yes mutation in hsvTK (D228V) 
4 Yes mutation in hsvTK (D228V) 
5 Yes mutation in hsvTK (T158P) 
6 Yes hsvTK missing 
7 Yes hsvTK missing 
8 Yes hsvTK missing 
9 No No PCR product 
HK ?????????????????????????????????(Table 4.1)?
GFPmut3.1 ???????? 9 ????????????????? lacZ?????
∆lacZ::hsvTK??????????????PCR???????????????????
(P30, 33, P44, and P45) ? Appendix 1???? 
  
???????????????????????
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4.2.4. mrfp????????? 
????????????????????????????????Figure 4.2????
????????????????????????4?????yiiDE, proV, lacZ, and rssB?
??PCR????pT7-mrfp???mrfp????T7???????????????????
??????????????Figure 4.3(A)??T7????????mrfp????????
????????MG1655??araB????????T7RNAP????????????
MG165-AI?4???????????????????????????????????
40 bp???????????PCR???????HKH?????????MG1655-AI??
??????????????????????24?????????????????
pT7-mrfp??????????????????dP???18-30????????????
??????????????????????????????????????????
?????????????????4??????????  
4???????/??????????????????????????RFP?
????????????????????Figure 4.3(B)???????????????
?????????????????pT7-mrfp????????????????????
???????? 
pT7-mrfp?????????????PCR????????????Figure 4.4??
??????Km???dP?????”???”???????PCR?????????PCR
????4????????Appendix 1???????????????????????
?????????????????????????????????P27, P35 P30, ?
??P37??????????P28, P36 P31, ???P39??HKH?????P42?????
pT7-mrfp?P40???P41????????????3???????????Figure 4.4??
????????????????????????yiiDE??????PCR????218 bp?
?????????HKH????????????????Km???????HKH???
??????????322 bp??????????pT7-mrfp???????????????
???dP???????pT7-mrfp????????????765 bp???????????
?3????????????????????????????????????????
??????Figure 4.4?????PCR???????????????????????
??????????Figure 4.4???????????????????????????
4????????????8?????????”?????”?????????????
????”?????”????????????????????????????????
?????????????????????4????????????????7???
???????????????????????
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????????????????????????pT7-mrfp??????????????
???????????????Figure 4.5?? 
??????????????????????????????????????
1??????????????????????????2-3??????(cf. ???; 
4.4.4)????, 4????????????10??????? ?????????????
????????????????????????????????PCR???????
?????????????????????????????? 
?????????????????????????????????????
?????????????????????????????????????????
??????????????????????4???????????????????
?????????????????????????????????????????
??????????pT7-mrfp??????1??PCR??????????????pT7-mrfp
??????????????????????????????T7RNAP???????
?????????????????? 
 
Figure 4.3 pT7?mrfp?????????????????????? 
(a) 4???????????????????(b) ???????????????????
????????????????? 
???????????????????????
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Figure 4.4. ??????????????(Figure 4.3)?4??????????????
?? 
4???????????????????????????9???????????PCR
?????????PCR????????pT7-mrfp????HKH???????????3
????????????T?????????????????????PCR?????
?bp???(1) yiiDE, (2) proV, (3) lacZ, ??? (4) rssB ????????????????
?????Appendix 1???? 
 
???????????????????????
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Figure 4.5. ????4?????(Figure 4.3)????????????4????????
???????? 
7???????????????mrfp?????????????????????PCR
???????????????????????????PCR??????bp???(1) yiiDE, 
(2) proV, (3) lacZ, ??? (4) rssB ?????????????????????Appendix 
1???? 
  
???????????????????????
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4.3. ?? 
4.3.1. ???????????????????????? 
?????PCR??????????????????????????????????
?????????????????????????????????????PCR??
???????????????????????PCR????????????????
?????????????????????????????????? 
??????????(#2 in Figure 4.1)??PCR???????????????
?????????????????????????????????????????
????????????????????????????????????10?PCR?
??????0.2%?cf. 2.2.7???????????????????PCR???????
?????hsvTK???????????????10%????cf. 4.2.1???????10?
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?1%?? 
???????????????10?????????????????????
??? (0.1)10 = 10-10????????????????????????????????
?????????????????????????????????????????
???????10???????????????????????????????? 
??????????(#2 in Figure 4.1)???????????????????
??? (dP????Km???????)??HKH??????????10-10???????
????????DNA????????????????????DNA?????PCR??
???????????PCR????????????????????????????
???????????????????(#2 in Figure 4.1)?????????? 
 
4.3.2. ???????? (1): ???????? 
?????????????????????PCR??????????????????
????????????????????????%???”??????????Figure 4.3
????pT7-mrfp?????”????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????1%?????10
???????????????????????
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???????????????????????????????????????10%
??????100???????100%????????????????????????
10-50????????????? 
 4.3.1????????DNA????????PCR??????????????
?????????????????????????????????????????
????????dP????????????????????????????????
??????????????????????????PCR?????????????
????DNA?????????????????????????????? 
 
4.3.3. ???????? (2): ???????? 
??????????????Lambda-RED?????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????????????????????????????3.5 kb???
?????????????????(21)????????????????(0.1-1 kbp)?
DNA????????????????????(22)?????????????????
?????????????????????? 
  
???????????????????????
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4.4. ??? 
4.4.1. ?? 
6-(ß-D-2-deoxyribofuranosyl)-3,4-dihydro-8H-pyrimido[4,5-c][1,2]oxazin-7-one (dP) (23)??
Berry and Associates (Bishop Circle East, Dexter, MI; cat. PY7270)???????????
??????FASMAC Co., Ltd (Kanagawa, Japan)??????????????????
?????????????????????????????????:50 µg/mL ???
????(Carb), 30 µg/mL???????????(Cm), and 50 µg/mL ??????(Km)? 
 
4.4.2. ????????? 
????????????????Table 4.3?????????K-12 MG1655??????
??????????????????????????XL10-Gold-Kanr (Stratagene, La Jolla, 
CA, USA) ??????pKD46?????(1)??L-??????????Lambda-RED??
???????????????????MG1655??????????????MG1655-AI 
(MG1655∆araB::T7rnap-tetA) ??BL21-AITM (Invitrogen Life Technologies, Carlsbad, CA)?
?PCR????”AraC/pBAD-T7RNAP?????MG1655??araB???????????
?????  
Table 4.3. ??????????? 
Plasmid name Genotype Ori/marker Source 
pHK pT5-hsvTKmod-pL-Kmr  ColE1/Ampr This study 
pHKH pT5-hsvTKmod-pL-Kmr-ptet-hsvTK ColE1/Ampr This study 
pHHK pT5-hsvTKmod –pL-hsvTK-Kmr ColE1/Ampr This study 
pUC-pL-gfpmut3.1 pL-gfpmut3.1 ColE1/Ampr This study 
pJ204-pT5-mrfp pT5-mrfp ColE1/Ampr This study 
pET23d-mrfp pT7-mrfp pBR322/Ampr This study 
pKD46 pBAD/AraC-Lambda REDγβα pSC101/Ampr (1) 
 
4.4.3. DNA??????? 
?????????????????Appendix 1???????????????????
????????????????????PCR??????PCR???????????
???KOD DNA polymerase (TOYOBO, Osaka, Japan)?????????PCR????DpnI
???????????????????????????????????????DNA
?????? 
???????????????????????
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4.4.4. ?????????????????????????? 
?????????????????????????Datsenko???Wanner?????
???????(1)??????????????pKD46?????????50 µg/mL?Carb.
???10 mM??????????LB???????Lambda-RED???????????
OD (λ= 600 nm)?0.4-1.0???????????????????????10% v/v???
????2??????????20% v/v???????????????????????
?????????????????????????????????????????
?(40 µL)??100 ng?PCR????????????????0.1-cm-gap????????
????????????????1.8 kV in a Gene Pulser electroporation apparatus 
(Bio-Rad, Hercules CA)?? 
 
4.4.5. ????????????? 
????1: PCR???????????????????????????????100 ng?
??MG1655??????MG1655-AI????????????40 µL??????????
???????????????1 mL?LB-Carb?????????????????30??
3 h?????????????????????????DNA????????????
102-105?????????????????Km???????10???????????
??????????????????????????DNA???PCR????????
??????????????????????????LB-Carb-Km??(2 mL) ?????
??????24 h, 30°C???????????10 mM?L-?????????LB-Carb-Km
????????4.4.4???????????????????????????????
???? 
????2: ?????DNA???mrfp????T7??????????????????
???????????????pT7-mrfp, 100 ng? ??????1???????????
??????????????????40 µL?????????????????????
??????????1 mL?LB-Carb?????????????? (~3 h at 30°C)???
????????LB-Carb-dP??????????????????????30°C for 18-30 
h???? ????????10 mM?L-?????????LB-Carb??????????
?????????????????????????????????????????
??????????????1???????  
???????????????(????????pT7-mrfp?????????
?2????????) ??????1???2??yiiDE, proV, lacZ, and rssB???????
????????? 
???????????????????????
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4.4.6. ???? 
?????????Fluoroskan Ascent (Thermo-Labsystems, Helsinki, Finland)??????
????excitation/emission?????????: GFPmut3.1, 485/527 nm, mRFP, 584/620 nm?
?????????????????????????????(OD600)?????????
??????????? 96???????????SpectraMax Plus 384 system (Molecular 
Devices, Sunnyvale, CA)?????????? 
??????????????????(Figure 4.3)???????????; ??
???????????????????????LB???2 mL???????5 mL???, 
37°C?200 rpm??????20 µL??????10 mM?L-?????????LB???2 mL?
????????????37??3 h????????10,000????561 nm laser?mRFP 
(586/15)??????????????????MACSQuant® VYB flow cytometer (Miltenyi 
Biotech, Bergisch-Gladbach, Germany) ??????????????MACSQuant® 
Analyzer (Miltenyi Biotech, Bergisch-Gladbach, Germany)????????? 
  
???????????????????????
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?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????? 
  
??? ??????????????????????????? 
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5. 1. ?? 
???????????????? (C5) ??????????????????????
????????? 55,000??????????????? 100????????????
(1)??????????????????????/??????????????????
???????????(2)?????????????????????????????
????????????????C5-C25??????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????(3-8)? 
??????????????????????Figure 5.1??????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????? 
(9)????????????????????????????????????????
????????(10,11)???????????? 
?????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????????????????9????????/11???????
Table 5.1????????? 9???????????????????????????
?????????????????????????????? 4??????????
??????????????????/???????????????????????
????????????????????????? 
  
??? ??????????????????????????? 
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 Table 5.1. ??????????????????? 
genotype 
gene size 
[bp] 
Function Reference 
∆yliE 2,349 
putative membrane-anchored 
cyclic-di-GMP phosphodiesterase 
(12) 
∆yfjP 750 acyl CoA esterase (12) 
∆rssB 1,014 
response regulator binding RpoS  
to initiate proteolysis by ClpXP 
(12) 
∆clpXP 2,024 protease (12) 
∆gdhA 1,344 glutamate dehydrogenase (13) 
∆aceE 2,664 pyruvate dehydrogenase (13) 
∆fdhF 2,148 formate dehydrogenase-H (13) 
∆pykF 1,413 pyruvate kinase I (14) 
∆pykA 1,443 pyruvate kinase II (14) 
+ idi 549 isopentenyl diphosphate isomerase (15) 
+ dxs 1,863 1-deoxyxylulose-5-phosphate synthase (15) 
+ ispDF 1,190 Precursor synthesis (15) 
+ yggT 567 putative inner membrane protein (13) 
+ appY 750 global transcriptional activator (13) 
+ rpoS 993 
RNA polymerase,  
sigma S factor 
(13) 
+ pps 2,379 phosphoenolpyruvate synthase (14) 
+ycgW, yjiD, elbB 1,420 anti-RssB factors (13) 
??? ??????????????????????????? 
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Figure. 5.1  ????????????????????????? 
???????????????????????????????? glucose?? FPP?
?????????, ??????????/????????????? (ex, crt genes, 
etc…) ??????????, ?????????????Table 5.1??????????
?????????????????????????????? 
??; G3P, glyceraldehyde 3-phosphate; PEP, phosphoenolpyruvate; PYR, pyruvate; DXP, 
1-Deoxy-D-xylulose 5-phosphate; IPP, isopentenyl diphosphate; DMAPP, dimethylallyl 
diphosphate; FPP, farnesyl pyrophosphate; ACCoA, acetyl-CoA; MVA, mevalonate; FOR, 
formate; GLU, glutamate; AKG,alpha-keto glutarate ; OAA, oxaloacetate; dxs, 
1-deoxyxylulose-5-phosphate synthase; idi, isopentenyl diphosphate isomerase; pykF, 
pyruvate kinase I ; pykA, pyruvate kinase II ; ppc, phosphoenolpyruvate carboxylase; pck, 
phosphoenolpyruvate carboxykinase ; aceE, pyruvate dehydrogenase; fdhF, formate 
dehydrogenase; gdhA, glutamate dehydrogenase; 
  
??? ??????????????????????????? 
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5.2. ?? 
5.2.1. ???????????????????????? 
?????????????????????????????????????????
??????????????????????????????????????????
?????????????????????Table 5.1????????????????
??????????????????????Figure 5.2??clpXP??????????
?????????, ????????? 1.17??????yliE????????????
????????, ????????? 0.86?????????????????????
?????????????????????????????????????Table 5.1
???????????????????????????? 
 
 
Figure. 5.2  ?????????????????N=4, ?SD??wt: ??? 
 
 
5.2.2. ?????????????? 4???????????? 
Table 5.1??????????????????????Figure 5.3(A)?????????
??????????????????????????yliE?yfjP, rssB, ??? gdhA??
???????????? yggT, appY, rpoS, ??? idi????????????????
???????????????? 40 bp???????????PCR??????? HKH
?????????MG1655????????????????????????24???
?????????????????????pT5-yggT, pT5-appY, pT5-rpoS, pT5-idi,????
???????????????dP??? 18-30???????????????????
?????????????????????????????????????????
??? ??????????????????????????? 
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???????????4?????????????????????????? PCR?
??????????Figure. 5.3(B)?? 
????????????????????????yliE??????PCR???
?971 bp??????????1????????????????????HKH????
????????????Km??????pT5-yggT?????HKH???????????
???dP????????pT5-yggT????????????????1317 bp??????
????Figure 5.3B-(1)????3??????????????????????????
????????????????Figure 5.3B?? 
????2 ??????yliE??????dP???????appY????????
?????3???4???????????????????????????yfjP????
???????????????????????????????????????appY
?????????????????????????????????????????1.0 
x 10-10 to 2.5 x 10-9/??/??/2-kbp(16)???????????appY??????????
???????????????????????appY????????????????
????????????? 
??? ??????????????????????????? 
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Figure 5.3. ?????????? ?????????????  
(A) 4???????????????(B)????????????????????????
?????????; 4???????????????????????????9????
???????PCR?????????PCR????????HKH???????????
?????????3????????????????????????????????
?PCR??????bp???(1) yliE, (2) yfjP, (3) rssB, ??? (4) gfhA ?????????
????????????Appendix 1???? 
??? ??????????????????????????? 
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Figure 5.4.??????????Figure 5.3?????????? 
Figure 5.3?????????pAC-LYC???????????????????????
????30?, 24 h?????????????????????????????????? 
 
 
5.2.3. 4??????????????? 
??????4?????????????????????????Figure 5.4?????
??????????????????????????3???????????????
????????~2????????????3????????????????RpoS?
????????????(13)????4????????gdhA?????idi???????
??????????????????????gdhA??????idi??????????
???????????????????????????(Table 5.1)?rpoS??????
?????????????????? 
 
5.2.4. 1-kbp????????????? 
????????????????????????????????????1 kbp???
???????????Table 5.1??????????????????????????
??????????????????????????????????(17)?????1 
kbp?????????????????????????????? ispDF?????
Figure 5.5(A)????????fdhF????????????? 
1?????????????????????????PCR?????????
???????PCR????1,646 bp???????????1 kbp????????~0.5 bp?
??????Figure 5.5(B)??1.5 kbp????????????????????????
?????????????????????????????PCR??????????
???????????????????ispDF?????????fdhF locus??????
??????????? 
 
??? ??????????????????????????? 
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Figure 5.5. fdhF???pT5-ispDF???????? 
(A) ????????????PCR??????? (B) 1???????????????
? (2????????????????/???????) ???????????????
pT5-ispDF??????????????????????PCR????????????
?????????????????PCR??????bp?????????????
Appendix 1???? 
 
  
??? ??????????????????????????? 
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5.3. ?? 
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????4????
????????????????????????? 12???????????????
?????????????????????????????????????????
???????????????????????????? 
?????????????????????????1 kbp???? DNA???
?????????????????????????????????????????
??Figure 5.5???????????? DNA??? PCR???????????? PCR
?????ispDF???????????????????????? DNA???????
?????????????????????????? DNA???????????10%
??????????????????????????~0.5 kbp????????????
(17)????????????????????DNA?????????????????
????????????????I-SceI??????????????????????
?????????????6.2.1????????? 
  
??? ??????????????????????????? 
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5.4. ??? 
5.4.1. ?? 
6-(ß-D-2-deoxyribofuranosyl)-3,4-dihydro-8H-pyrimido[4,5-c][1,2]oxazin-7-one (dP) (18)??
Berry and Associates (Bishop Circle East, Dexter, MI; cat. PY7270)???????????
??????FASMAC Co., Ltd (Kanagawa, Japan)??????????????????
?????????????????????????????????:50 µg/mL ???
???? (Carb), 30 µg/mL ?????????? (Cm), and 50 µg/mL ?????? (Km)? 
 
5.4.2. ????????? 
????????????????Table 5.2?????????K-12 MG1655??????
??????????????????????????XL10-Gold-Kanr (Stratagene, La Jolla, 
CA, USA) ??????pKD46?????(19)??L-??????????Lambda-RED??
???????????????????????MG1655?????????????? 
 
Table 5.2. ???????????? 
Plasmid name Genotype Ori/marker Source 
pHKH pT5-hsvTKmod-pL-Kmr-ptet-hsvTK ColE1/Ampr This study 
pAC-LYC CrtEIB p15A/Cmr (20) 
pKD46 pBAD/AraC-Lambda REDγβα pSC101/Ampr (19) 
 
5.4.3. DNA??????? 
?????????????????Appendix 1???????????????????
????????????????????PCR??????PCR???????????
???KOD DNA polymerase (TOYOBO, Osaka, Japan)?????????PCR????DpnI
???????????????????????????????????????DNA
?????? 
 
5.4.4. ?????????????????????????? 
?????????????????????????Datsenko???Wanner?????
???????(19)??????????????pKD46?????????50 µg/mL?Carb.
???10 mM??????????LB???????Lambda-RED???????????
OD (λ= 600 nm)?0.4-1.0???????????????????????10% v/v???
??? ??????????????????????????? 
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????2??????????20% v/v???????????????????????
?????????????????????????????????????????
?(40 µL)??100 ng?PCR????????????????0.1-cm-gap????????
????????????????1.8 kV in a Gene Pulser electroporation apparatus 
(Bio-Rad, Hercules CA)?? 
 
5.4.5. ????????????? 
?????1: PCR???????????????????????????????100 ng?
??MG1655???????????40 µL??????????????????????
???1 mL?LB-Carb?????????????????30??3 h??????????
???????????????DNA????????????102-105?????????
????????Km???????10????????????????????????
?????????????DNA???PCR?????????????????????
?????????????LB-Carb-Km??(2 mL) ???????????24 h?30°C?
??????????10 mM?L-?????????LB-Carb-Km????????5.4.4?
?????????????????????????????????? 
?????2: ?????DNA????????T5???????????????????
?????????????, 100 ng? ??????1?????????????????
????????????40 µL????????????????????????????
???1 mL?LB-Carb?????????????? (~3 h, 30°C)???????????
LB-Carb-dP??????????????????????30°C?18-30 h???? ???
?????10 mM?L-?????????LB-Carb???????????????????
?????????????????????????????????????????
?????1???????  
???????????????(????????pT7-mrfp?????????
?2????????) ??????1???2??yliE, yfjP, rssB, and gdhA???????
????????? 
 
5.4.6. ????????? 
????MG1655??????????pAC-LYC???????????????????2 
mL?LB-Cm??????????????20 µL??2 mL?M9(+0.4%?????)-Cm??
???????????24 h, 30????????????OD600????? 96?????
??? ??????????????????????????? 
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??????SpectraMax Plus 384 system (Molecular Devices, Sunnyvale, CA)??????
??? 
???????????????????????????????????1 mL
????????????????????????????????????????475 
nm??????????????~OD600????????????????????????
???????????? = 185,000?????????????????????? 
? ?
??? ??????????????????????????? 
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6.1. ?????? 
6.1.1. ??????????????????????????????????????
??? 
????????????????”OFF”???????????????Herpes Simplex 
virus thymidine kinase (hsvTK)??????????dP?????????????(1)??
?????????????????????????????????????????
?????1) ?????????????????2) ????????????????
?? 3) ????????????~2?????????????????????????
?????????????????????????????????????? 
??????????????????????????????????
hsvTK/dP?????????????????????????????????????
?????????????????????????????????????????
????????????????dP?????????????????? 15????
????1~2???????????????????????????????????
?????????????????????????????????????????
???????????????????????????hsvTK? dP????????
????????????? 
 ?????????hsvTK/dP???????????????????????
???????”???????????”???????????????????????
??????????hsvTK?????????????????hsvTK? dP?????
???????????????????????????hsvTK/dP??????????
????????????????????????????????2???? hsvTK?
?????????????????????????????????????????
???????~106??????????<2 x 10-12??????????????????? 
 ??????hsvTK/dP????????????????hsvTK???????
??????????????????????????????????????????
????????????????????????????????????????
tolC/colicin E1???????tolQRA????????????????????????
??????????????????? 4.3 x 10-11?????????????????
?????????????????????????????????????????
???<2 x 10-12??????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????
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???<10-12?(2-4)????????????????????????????????
??????????? 
 
6.1.2. ????????????????????????? 
??????????????????????????? dP????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????? 
?????????????????????????????????????
?????????????????????????????????????????
???????????????????????????????????????? 
????kbp???????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????? 
?????????????????????????????????????
????????????4????????????????????? 4??????
?????????????? 10??????????????????????????
????1????????????????????? 7??????(5)???????
? 3?? 1????????????????????????????????????
??????????????/???????????????????????????
????????????????????????? 
  
???????
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6.2. ?? 
6.2.1. ????????????????????? ?????????? 
?????????????????????????????????????????
????????????????????????/?????????????????
???????????????????1 kbp????????????????????
??????????????????????? kbp??? 10 kbp??????????
?????????????????????????????????????????
???????????????????????(6)???????I-SceI???????
??????????????????????Figure 6.1?? 
 T. E. Kuhlman???I-SceI???????????????????????? 7 
kbp?????????????????????(6)?????????? I-SceI????
???????????????????I-SceI???????I-SceI?????????
?????????????????????????????????????????
?????????????Figure 6.1??7 kb???????????/?????????
?????? 
  
 
Figure 6.1. I-SceI?????????????? 
  
 
???????
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6.2.2.?????????????????? 
?????????????????????????????????????????
?????????????????????????????????????????
???????????????????????? 30%???????????????
???(5)??????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????? 
 ????????????????????????????????????
?????????????????????????????????????2 ???
???????????????? 
 
4,000 x 4,000 = 16??? 
 
?????????????????????????????????????????
??????????????????????????????????????????
??? 384????????????????????~???????????????
????? 3?????????????1?????????????1??????? 3
?????????????16?????2?????????????????????
?????? 48????????????? 
 
6.2.3.???????????????????????
???????????????????????????????????? 384???
?????????????????????????????/????????????
???1????????????????? 3??????????30??? 10???
?????????????????????????????????? 1 kbp????
????????????? 
 
 1 kbp x 10 = 10 kbp 
 
?????????????????????????????????????????
????? 1,000????????????????????????????????10 kbp
??????? 1,000?????????CAGE?Conjugation Assisted Genome Engineering?
?????????????? 1,000???????????????????(7)????
???????
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??????????????????????????n??????2n???????
???????1000???????????? CAGE??????? 
 
 ??? CAGE????? = log10(1000)/log10(2) = 10 
 
1?? CAGE??????? 1????????10???2.5???? 1000??????
?????????????1) ???30??????????????????10 kbp?
?????? 1,000??????2) ????? 1000?? CAGE????? 10?????
??????????4???????? 10 Mbp???????????????????
????????????????????????????????????? 
 
 
6.2.4.?????????????????????????????????
?????????????????????????????????????????
?????????????????J.C. Venter??????????????(8,9)???
??????????????????????????????????????????
?????????????????????”???”?????????????????
??????Figure 6.2??????????????????????????????
?????????????????????????????????????????? 
???????
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Figure 6.2. ???????????? 
;???????????????????????????????  
???????
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???????????????????
?
???? ??? ?? ? ? ??????
?
?? 1 ????????????? 
 A1 
?? 1  
????????????? 
  
?? 1 ????????????? 
 A2 
Table A1. ????????????? 
No. sequence template DNA template DNA 
P1 gattcattaatgcagctggcacg 
Amplification of HC cassette with 
lacZ homology 
pMW-hsvTK-cat  
P2 
ttatttttgacaccagaccaactggtaatggtagc
gaccgcagggttttcccagtcacg 
P3 cgatggcggagctgaattac 
Amplification of lacZ from MG1655  
genomic DNA 
(MG1655)  P4 gattaatgatcagtggcgcaaagaac 
P5 
cctaacagcaccaggatttaaggtgaaattaat
ctttcatcatacacgagcttcatgcatcg Amplification of HK or HKH cassette 
with yiiDE locus homology  
pHK or pHKH 
P6 
ctgatggagaggggcggtgctgcctctctcattc
aggtcactggcgatgctgtcggaaac 
P7 
atgaccatgattacggattcactggccgtcgtttt
acaacgagattacgcgcagaccacc Amplification of HK or HKH cassette 
with lacZ locus homology 
P8 
ttatttttgacaccagaccaactggtaatggtagc
gaccgcgcccttaggtacgaactc 
P9 
cactacccgcagcagggaaataattcccgcca
aatagcttgagattacgcgcagaccacc Amplification of HK or HKH cassette 
with proV locus homology  
P10 
actgtccgccgctggcgtggtatcccacggatt
attttgacgcccttaggtacgaactc 
P11 
agcatgccactattgagtaaagccagtcaggg
gagagaacgattacgcgcagaccacctg Amplification of HK or HKH cassette 
with rssB locus homology  
P12 
cattagcaggtaatgcaaatttagcccgcgttat
cgtttgcgcccttaggtacgaactc 
P13 ctttacactttatgcttccggctc 
Apmlification of pL-gfpmut3.1 cassette 
with lacZ locus homology  
pUC-pL-gfpmut3.1 
P14 
gacaccagaccaactggtaatgcatcagagc
agattgtactgagag 
P15 cattaccagttggtctggtgtcaaaaataataat 
Genomic DNA 
P16 gagccggaagcataaagtgtaaag 
P17 cgatggcggagctgaattac 
P18 gattaatgatcagtggcgcaaagaac 
P19 cctaacagcaccaggatttaaggtgaaattaat Amplification of pT7-mrfp cassette pET23d-mrfp 
?? 1 ????????????? 
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ctttcatgagatctcgatcccgcgaaattaatac with yiiDE locus homology  
P20 
ctgatggagaggggcggtgctgcctctctcattc
aggtcacccattcgccattcagcaaaaaac 
P21 
actgtccgccgctggcgtggtatcccacggatt
attttgagatcccgcgaaattaatacgactcac Amplification of pT7-mrfp cassette 
with lacZ locus homology) 
P22 
cactacccgcagcagggaaataattcccgcca
aatagcttcccattcgccattcagcaaaaaac 
P23 
ttatttttgacaccagaccaactggtaatggtagc
gaccggagatctcgatcccgcgaaattaatac Amplification of pT7-mrfp cassette 
with proV locus homology  
P24 
atgaccatgattacggattcactggccgtcgtttt
acaaccccattcgccattcagcaaaaaac 
P25 
cattagcaggtaatgcaaatttagcccgcgttat
cgtttgtcctcaacgacaggagcac Amplification of pT7-mrfp cassette 
with rssB locus homology 
P26 
agcatgccactattgagtaaagccagtcaggg
gagagaacgtcccattcgccattcagc 
P27 atggtttagttatcgcccaggatg  
yiiDE test primers 
 
P28 ctgaacagtgatgtagcaagacacg  
P29 gtgtttgaaggcacgtatatcgttc  
P30 cagcggttggaataatagcgag  
lacZ locus sequence/test primer 
P31 gaagaaggcacatggctgaatatcg 
P32 ggatacgacgataccgaagacag 
P33 gattcattaatgcagctggcacg 
P34 gaagagagtcaattcagggtgg 
P35 ctggaagacgggacggaaatg 
proV test primers 
P36 gcgcgctttagatcgtgagg 
P37 caacggggataacggcttttttgac 
rssB test primers 
P38 gatccgcccgatattctgattc  
P39 cggttccaaagcatacgttaaacacc  
mrfp test primers  
P40 gggaaggacagtttcaggtagtcc  
P41 cgtctttatcctggattacgaccaatc hsvTK test primers 
?? 1 ????????????? 
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P42 gtgcaaataaatttaagggtaagttttccgtatg  gfpmut3.1 test primers 
P43 gtcggtcttgacaaaaagaaccg  Kmr gene sequence primer 
P44 ctgccgtaccgctcagttgac hsvTKmod sequence primer 
P45 gcgctccgataccagttgatagttaatg 
yliE test primers P46 cttctttgcagcactggtttgg 
P47 cattcatttgaatgtgctacaccgatac 
P48 atgggtgtcgcagaagtattacagg yggT test primer 
P49 ggacggtcacggcgaataag 
yfjP test primer 
P50 gcctgctgcatgagctattcc 
P51 gagttaccagtatgcccctc appY test primer 
P52 ggggagcatcatccgttaaatac 
gdhA and idi test primer 
P53 cttgcttaccgtcacattcttgatg 
P54 agcagcagtcgcttcacgttcgct 
ispDF test primer  
P55 caaatcgccggagctaaacc 
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clone # hsvTK region ble region gfp region 
1A3 
D14E 
D211D 
E257E 
T290S 
H323H 
N.D. V442V 
G471G 
 
1F2 
D14E 
D211D 
E257E 
T290S 
H323H 
N.D. V442 
G471G 
 
1A1 
T354A  
I361V 
 
V383A 
S426C 
R731R 
T481A 
D507D 
 
1C3 
D14E  
V120A 
E225E 
Q672R 
V673W 
V674C 
P675R 
D676T 
V447V 
 
1E4 
 E737K G471G 
S636P  
1F4  G714S  
1E5 
 Q671 stop 
Q739R 
 
?
